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Abstract 
Perylenetetracarboxylic diimide (PTCDI) is a promising material for application in organic electronics. In this study we report on 
the preparation of oriented thin films of PTCDI on the surface of oriented polymer substrates, which were prepared by friction 
transfer method. Two polymers, poly(tetrafluoroethylene) (PTFE) and poly(p-phenylene) (PPP) were used as the orienting 
substrate for PTCDI for comparison studies. Characterization by polarized UV-vis absorption shows that the orienting ability of 
PPP is larger than that of PTFE substrate. Furthermore, polarization-sensitive photoelectric conversion devices were fabricated 
by using the oriented PTCDI thin film on the PPP substrate. 
 
© 2010 Published by Elsevier B.V. 
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1. Introduction 
Molecular orientation is a very important factor for organic devices, such as light-emitting diodes, field-effect 
transistors, and photovoltaic devices. Oriented polymer films produced by friction-transfer method have been used 
as orienting substrates because of their ability to orient over-layered materials. Especially, friction-transferred 
poly(tetrafluoroethylene) (PTFE) films have a great ability of inducing oriented growth of a wide variety of 
materials [1]. We have been studying friction-transferred films of conjugated polymers [2-6] and their orienting 
ability [2,3,7,8]. We have reported on the orientation of some molecules, which have chain or rod-like shapes, 
induced by the friction-transferred polymers [2,3,7,8]. The aim of this study is to prepare oriented thin films of a 
planar molecule, 3,4,9,10-perylenetetracarboxylic diimide (PTCDI), on friction-transferred polymer substrates by 
vacuum deposition. PTCDI is a S-conjugated molecule with a flat shape and a hopeful n-type semiconductor [9]. 
Planar molecules with large S-electron systems have a tendency to form a piled structure, so-called S-stacking, in 
which electrons move easily in the stacking direction because of S-electron overlapping between molecules. 
Controlling the S-stacking direction is very important in a system of planar molecules. We investigated the orienting 
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ability of the S-conjugated poly(p-phenylene) (PPP) polymer [2,3,7], for the planar PTCDI molecules, comparing it 
with that of the non-conjugated polymer PTFE, in order to analyze the difference between S-conjugated and non-
conjugated polymers as orienting substrates for S-conjugated molecules. 
 
2. Experimental 
Figure 1 shows the chemical structures of PTCDI and of PPP. PTCDI was purchased from Tokyo Chemical 
Industry. PPP was synthesized from benzene with aluminum chloride and copper (II) chloride according to the 
Kovacic’s method [10]. The friction transferred process was carried out as follows. First, Powder of PPP was 
compressed into a pellet and then the pellet was slid on a glass substrate, whose temperature was fixed at 220˚C, 
with applying a pressure of about 4MPa. The sliding speed was 1m/min. For PTFE, the substrate temperature was 
300˚C, the applying pressure was 0.9MPa and the sliding speed was 0.34m/min. Thin PTCDI films were then 
fabricated on the friction-transferred polymer films by vacuum deposition. Sublimation temperature was 400-450˚C 
at a pressure better than 2.0 x 10-4Pa and deposition rate was 0.01 – 0.1nm/sec 
 
 
 
 
 
 
 
 
 
Figure 1. Chemical structures of PTCDI and of PPP. 
 
The oriented films of PTCDI were observed with a polarized optical microscope and an atomic force microscope 
(AFM), Seiko Instrument SPA300. The oriented films were characterized by polarized UV-vis absorption 
spectroscopy. The spectra were measured by a Shimadzu UV-3150 spectrometer with a Gran-Taylor polarizing 
prism. X-ray diffraction measurements were performed with CuKD radiation monochromatized by a pyrolyzed 
graphite (Rigaku RU300, 40kV, 150mA). The diffraction profiles were recorded by the reflection mode of T-T scan. 
Photoelectric conversion devices were fabricated with the following structure:  indium tin oxide (ITO) / poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) (45nm) / friction-transferred PPP / PTCDI (40nm) / 
bathocuproine (BCP) (30nm) / lithium fluoride (0.5nm) / aluminum (50nm). The photocurrents of the devices were 
measured with irradiation of monochromatized lights (22PW) through a polarizer, using a spectral-response 
measuring system (OPTEL, Sumitomo Heavy Industries Ltd.).  
 
3. Results and Discussion 
3.1. Oriented films of PTCDI 
 
Polarized optical microscope observations showed a uniform orientation of PTCDI films prepared on friction-
transferred PPP. The film on PPP appeared bright under the crossed Nicol condition, but the film without PPP 
appeared dark. The whole area of PTCDI/PPP film changed alternately between bright and dark for every 45˚ 
rotation. This suggests that the film is uniaxially oriented. 
Figures 2 show the AFM images of PTCDI/PPP/glass and of PTCDI/glass. The surface of the film prepared on a 
bare glass shows no obvious structure, however, the film on PPP shows stripes parallel to the friction direction. 
PTCDI crystals have anisotropic morphology on oriented PPP.  
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Figures 2. AFM images of PTCDI/PPP/glass (a) and PTCDI/glass (b). Thickness of PTCDI is 7nm.  
 
Figure 3 shows the polarized UV-vis spectra of only PPP and of PTCDI on PPP films. Very strong anisotropy 
can be observed in Figure 3(b). The absorbance with parallel polarization is much stronger than that of orthogonal 
polarization between 450 and 650nm, and the opposite dichroicity can be seen in the small peak at the 350-400nm 
region. This suggests that PTCDI orientation is induced by the PPP friction-transferred film. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Polarized UV-vis spectra of friction-transferred PPP (a) and PTCDI/PPP with PTCDI thickness of 36nm 
(b). The longitudinal axes of both spectra have the same scale with the same measurement condition. 
 
The orientation degrees of the films were evaluated as a dichroic ratio D.  
 
D = A(p) / A(n) 
 
Here, A is the integrated value of UV-vis spectrum in the wavelength region larger than 400nm. A(p) and A(n) are 
parallel and normal to the friction direction, respectively. Figure 4 shows the dichroic ratios as a function of film 
thickness. A strong dependence with thickness can be seen. There seems to be a maximum at about 30nm thickness, 
which might suggest that the PTCDI orientation is related to crystal growth. For the thinner films, crystals are not 
large enough to align on the PPP chains. On the other hand, the effect of the interface between PTCDI and PPP is 
weaker in the thick films. In Figure 4, the dichroic ratios of PTCDI/PTFE are plotted with those of PTCDI/PPP for 
comparison. The dichroic ratios of the polarized UV-vis spectra of PTCDI/PPP films were larger than those of 
PTCDI/PTFE. Relatively strong interaction between the PTCDI and PPP, the so-called S-S interaction, should be 
responsible for this effect. 
The highly oriented films of PTCDI on oriented PPP substrates show about half absorbance compared to un 
oriented ones without friction-transferred substrates in the non-polarized UV-vis spectra (not shown here) even 
though the thickness is the same. This result suggests that the PTCDI on oriented PPP assumes a different structure 
from that on the un-oriented one. 
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Figure 4. Dichroic ratios from polarized UV-vis spectra are plotted with the film thickness of PTCDI on PPP and 
PTCDI on PTFE, respectively. 
 
To investigate the structure of PTCDI we performed X-ray diffraction analysis. The measurements with the 
conventional reflection mode showed only a strong diffraction at 2T = 25˚ in both PTCDI/PPP/Si and PTCDI/Si 
samples (results are not shown). This is indexed as the (1, 2, 1) or (-1, 2, -1) reflection, which corresponds to the 
molecular plane stacking direction [11]. It indicates that the PTCDI molecular plane is faced onto the substrate. The 
details of the orientational structure are not yet clarified; however, the S-stacking direction of the planar PTCDI 
molecules on the orienting substrates is normal to the substrate plane. This leads to large carrier mobility in the 
normal direction and it is a favorable structure photodiodes and photovoltaic devices. Further structural investigation 
is in progress. 
 
3.2. Polarization-sensitive photoelectric conversion devices 
 
The anisotropic properties of oriented films, such as dichroism in visible light absorption, invest optoelectronic 
devices with polarized function. We fabricated photo-electric conversion devices using the oriented PTCDI/PPP 
films. Device constitution is ITO/PEDOT:PSS/friction-transferred PPP/PTCDI/BCP/LiF/Al. The devices exhibited 
photovoltaic properties and showed polarization sensitivity in photocurrent [12,13]. Figure 5 shows the photocurrent 
spectra under the polarized light irradiation at the short circuit condition. It can be seen that the photocurrent under 
parallel polarization light irradiation is more than twice as large as that of orthogonal polarization. This polarization 
sensitivity in the 450-650nm region is due to the anisotropic absorption from the oriented PTCDI. On the other hand, 
the very large anisotropy in the 400-450nm region is due to the PPP absorption. The photocurrent generation 
mechanism is considered as follows. The PTCDI and PPP layers absorb the light, and after being excited generate 
excitons. The excitons then dissociated into charges at the interface between PPP and PTCDI and subsequently the 
electrons and holes reach the Al and ITO electrodes, respectively. 
 
4. Conclusion 
We were able to prepare highly oriented films of the planar dye, PTCDI, on friction-transferred PPP substrates. 
These PPP conjugated polymer showed a larger orienting ability for PTCDI films, comparing with that of the 
friction-transferred non-conjugated PTFE substrates. The PTCDI molecular planes were found to be faced onto the 
PPP substrates, and this orientation is a favorable structure to be used in photovoltaic devices. The oriented PTCDI 
films showed very strong anisotropy in visible light absorption. We could control orientation in two directions, 
namely, anisotropy in the film plane and S-stacking of molecular planes normal to the substrates in the PTCDI/PPP 
films. Making use of these properties we were able to fabricate a polarization-sensitive photodiode device based on 
these oriented PTCDI/PPP structures. 
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Figure 5. Photocurrent spectral-response of the oriented PTCDI/PPP based device with polarized light irradiation 
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